The structure of the O-methyl glycoside of the naturally occurring 6-O-[(R)-1-carboxyethyl]-α-D-galactopyranose, C 10 H 18 O 8 , has been determined by X-ray crystallography at 100 K, supplementing the previously determined structure obtained at 293 K (Acta Cryst., 1996, C52, 2285-2287 
INTRODUCTION
Knowledge of atomic position and fluctuations of molecules allow for an understanding of their properties that can have chemical or biological consequences. However, obtaining such information is still not trivial and requires a combination of methods to fully access the properties being analyzed. X-ray crystallography is a powerful approach that allows for identification of the positions of atoms in crystals along with information on their fluctuations to be obtained. [1] [2] [3] This is especially true in high-resolution small molecule crystals, such as those found in the Cambridge Structural Database (CSD), 4 in which the positions of hydrogen atoms can often be inferred with a high level of confidence. In addition, information on the nature of the motion of individual atoms, including the asymmetry of those motions can often be obtained.
While X-ray approaches are quite powerful, they are limited even in high resolution small molecule crystals. Except for a limited number of ultra high-resolution crystal structures, hydrogen positions are often ambiguously defined. Usually they are derived from the positions of heavy atoms and the use of standard covalent geometry information. The source of atomic fluctuations is also ambiguous. The nature of those motions as a function of time cannot be accessed and the magnitude of the atomic fluctuations themselves include multiple contributions. 5, 6 The most obvious contribution is the atomic motions themselves, but these are confounded by lattice disorder as well as Previously, we reported the crystal structure of the glycoside, methyl
The structure was determined with R = 0.0562 at a resolution of 0.83 Å at 293 K. While the structure was well resolved and the asymmetric temperature factors deduced, the proton on one hydroxyl moiety, O7-HO7, which could potentially hydrogen bond with two different acceptor oxygens, O6 and O8 (Figure 1 ), could not be unambiguously located. To better understand the nature of this hydrogen bond a second structure of the crystal was determined at 100 K as part of the present study. In addition, computations were undertaken to facilitate interpretation of the X-ray data with respect to the O7 hydrogen bond and to understand the underlying contributions to and the nature of the atomic motions in the system.
METHODS

Experimental
Single crystal X-ray diffraction patterns were recorded with a STOE IPDS on a Mo-radiation source (λ= 0.71073Å) with φ-scans. The sample-detector distance was 70 mm. Indexing, cell refinements, and integration of reflection intensities were performed using the diffractometer software. 8 Absorption correction was neglected as the small size of the crystal and the low absorption coefficient made an absorption correction of minor importance. The structure was solved by direct methods using SHELXS97 (Ref. 1) giving electron density maps where most of the non-hydrogen atoms could be resolved. The rest of the non-hydrogen atoms were located from difference electron density maps and the structure model was refined with full matrix least square calculations on F 2 using the program SHELXL97. 1 All non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms were placed at geometrically calculated positions and were allowed to ride on the atoms they were bonded to. Rigid bond restraints were applied according to Hirshfeld 9 as implemented with the DELU command in the program SHELXL97. 1 The effects of large anisotropic displacement parameters show up as apparent bond-shortening 10 due to libration, particularly for the 293 K data. Nonbonded interactions were updated heuristically out to 14 Å with a force switch smoothing function from 10 to 12 Å used for the Lennard-Jones interactions. 18 All simulations were carried out in the constant pressure-constant temperature (NPT) ensemble with the Leapfrog integrator employing an integration time step of 1 fs. The temperature was maintained at 100 K and 293 K, respectively, by a Nosé-Hoover thermostat. 19 A constant pressure of 1 atmospheric pressure (101325 Pa) was controlled using the Langevin piston barostat. 20 Covalent bonds between hydrogen atoms and heavy atoms were constrained to their equilibrium values by means of the SHAKE/RATTLE algorithm. 21 After equilibration, each system was simulated for 50 ns.
Molecular Dynamics Simulations
Coordinates were saved every 1 ps from the MD simulations for all subsequent analyses.
The calculated positional anisotropies of atom i was obtained by:
where (x i , y i , z i ) are the coordinates of atom i and (u i,x , u i,y , u i,z ) are the displacements of atom i from its average position. The angle brackets denote the ensemble average over the whole trajectory. The corresponding experimental anisotropies in the X, Y and Z directions for each non-hydrogen atoms were taken directly from the columns "_atom_site_aniso_U_11", "atom_site_aniso_U_22" and "atom_site_aniso_U_33", respectively, from the crystal data files.
The calculated B factor of atom i was obtained from
and the experimental B factor was obtained by:
where U 11 , U 22 , and U 33 were obtained from the columns "_atom_site_aniso_U_11", "atom_site_aniso_U_22" and "atom_site_aniso_U_33", respectively, in the crystal data files.
Quantum Mechanical Calculations
A single complete unit cell was subjected to quantum mechanical (QM) calculations performed using the program QCHEM version 4.0. 22 The positions of all heavy (non-hydrogen) atoms were fixed at their 100 K crystallographic locations, and the positions of all hydrogen atoms were optimized at the RIMP2 theory with 6-31G* basis and RIMP2-VDZ auxiliary basis to default tolerances.
23,24
RESULTS AND DISCUSSION
Experiments
Selected crystal data are given in Table 1 , selected bond lengths in Table S1 and selected bond angles in Table S2 . The average bond length elongation 10 for the 100 K structure could be described as an effect due to decreased librational motion. This is also clearly shown by the smaller thermal ellipsoids of the 100 K structure as shown in Figure S2 .
Crystal MD Simulations
Crystal MD simulations were carried out on the glycoside at both 100 and 293 K, as in Initial analysis involved the ability of the force field to maintain the unit cell parameters and the intra-molecular geometries. Table 2 shows the averaged unit cell parameters from the simulations compared to the experimental ones. The α and γ angles, not shown in Table 2 , were restrained to 90 degrees to maintain the lattice type observed in the experimental data. Overall, unit cell parameters from the MD simulations tabulated by averaging over snapshots from the trajectories were consistent with the experimental values, with the relative errors less than 4% for most of the cases. The relative errors for the systems at 293 K are slightly higher than the systems at 100 K, and the relative errors for the largest systems (8x8x8) are higher than for smaller systems. The calculated bond lengths are within 0.02 Å of the experimental values (Table S1) , except for C7-C8 & C8-C9 at 293 K, which differ by approximately 0.04 Å. The differences between the calculated and experimental angle values are mostly less than 2 degrees (Table S2 ). The root mean squared (RMS) fluctuations are smaller at 100 K than that at 293 K as expected. anisotropic nature, in which the anisotropy is indicated to be associated with the atoms sampling distinct conformational substates. 26, 27 A primary motivation for the present study was the nature of the proton, HO7, on the O7 hydroxyl moiety. As is evident in Figure 1 , the hydrogen can donate to either the O6 or O8 atoms in the adjacent molecule in the crystal. To analyze the behavior of the hydrogen bonding the HO7 to O6 and HO7 to O8 distances were analyzed as a function of simulation time over a selected region of the simulation (Figure 7) , with 2D probability distributions obtained from the entire 50 ns time series presented in Figure 8 .
At 100 K there are two ranges of distances, with the HO7-O6 sampling systematically shorter distances than HO7---O8 ( Figure 7A ). This leads to a well-defined local distribution in the corresponding 2D distribution ( Figure 8A ), with the maxima in the distances occurring at 1.97 and 2.58 Å for HO7-O6 and HO7-O8, respectively. At the higher temperature additional thermal fluctuations lead to more overlap of the HO7-O6 and HO7-O8 time series ( Figure 7B ). This manifests a broader 2D distribution, with a tail in the distribution associated with shorter HO7---O8 and longer HO7-O6 distances evident. In the 293 K time series, excursions of the distances to significantly longer and shorter values for the HO7-O8 and HO7-O6 distances, respectively, indicate the nature of anisotropic motions occurring at the higher temperature, similar to the previously reported transitions of atomic motions in proteins and nucleic acids. 26, 27 These results suggest that while hydrogen bonding is primarily occurring with the O6 atom (distance maximum at 1.97 Å), rapid, short-lived excursions of the hydrogen leading to hydrogen bonding with the O8 atom do occur (distance maximum at 2.65 Å).
One of most striking aspects of the elements of the anisotropies of non-hydrogen atoms ( Figure 5 ) is the anisotropy of O8 in the Y and Z directions, but not in the X direction. Figure S1 in the supplementary material shows a snapshot of three neighboring glycoside molecules in the crystal. Visual analysis shows that the adjacent HO7 and O8
atoms are located almost entirely in the Y-Z plane. When the hydrogen bond between HO7 and O8 forms and breaks, the carbonyl O8 atom is expected to fluctuate in the Y-Z plane with a higher magnitude than other heavy atoms. The X direction for the O8 atom is almost perpendicular to the HO7---O8 hydrogen bond and parallel to the C=O bond;
therefore, the fluctuation of O8 in X direction is much less than in Y and Z directions.
Due to the constraints of two covalent bonds (C6-O6, O6-C8), the fluctuation of O6
atom is smaller than O8 which is a terminal atom.
QM Calculations
To verify the MD simulation results indicating hydrogen bonding to occur primarily with the O6 atom a quantum mechanical calculation was performed. The calculation involved constraining the non-hydrogen atoms to their 100 K crystallographic locations and allowing the hydrogen atoms to relax to favorable positions. From the QM geometry optimization calculation an HO7---O6 distance of 1.93 Å was obtained as compared to a HO7---O8 distance of 2.46 Å. The QM distances are in good agreement with the most probable distances from MD simulations, verifying the results from those simulations.
CONCLUSIONS
In this study, the structure of methyl 6-O-
was determined by X-ray crystallography at 100 K, which can be compared to the previously reported structure at 293 K. 7 Molecular dynamics simulations were also performed on crystals of different sizes at both 100 K and 293 K. The CHARMM carbohydrate force field used in simulations was found to reproduce the experimental unit cell parameters and the intra-molecular geometries (bonds, angles, and dihedrals). Table 1 Crystal data and data collection parameters. Table 2 The averaged unit cell parameters from crystal MD simulations at 100 and 293 K. Figure  1 The structure of the crystal unit cell of methyl The anisotropies of non-hydrogen atoms at 100 K (A) and 293 K (B). Figure 6 The B-factors of non-hydrogen atoms at 100 K (A) and 293 K (B).
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6-O-[(R)-1-carboxyethyl]-α-D-galactopyranoside.
Figure 7
The HO7--O6 (red X) and HO7--O8 (green plus) distances from a 600 ps time window (total simulation time 50 ns) at 100 K (A) and 293 K (B). The 600 ps windows are presented to allow for visualization of the time series. Analyses of the full 50 ns simulations yielded similar results.
Figure 8
The distributions of the distances between HO7 and O6 or O8 in the adjacent molecule at 100 K (A) and 293 K (B).
